Introduction
Newly formed blood vessels undergo a maturation process after endothelial cells (EC) have arrived at their final location. ECs suppress filopodial extensions, lumenize, become patent, and begin secreting molecules to attract supporting perivascular mural cells. There is great phenotypic variability of perivascular cells depending on the developmental stage or organ in which the vessels are located; ranging from mesenchymal cells and astro-glial cells, to pericytes and smooth muscle cells (Hungerford and Little, 1999; Lindahl et al., 1997; McCarty et al., 2002) . Stabilization of nascent ECs requires expression of angiopoietin1 (Angpt1) in the perivascular mesenchyme (Patan, 1998) binding to Tie2 receptors expressed on ECs as well as PDGFB expression by ECs to attract pericytes (Lindahl et al., 1997) . Once the support cells arrive at the blood vessel, signaling through the notch pathway allows for final maturation of the interaction between the EC and the support cell (Carvalho et al., 2007; Domenga et al., 2004) .
Angiopoietin signaling is critical for vascular stabilization. Both Angpt1 and Angpt2 are ligands for the Tie1 and Tie2 receptors . Angpt1 is the primary inductive ligand for Tie2 while Angpt2 acts as an 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.02.001 endogenous antagonist of Angpt1 by steric inhibition. Angpt1 is involved in diverse EC functions including stimulation of migration, tube formation, sprouting, permeability, inflammation, and vascular remodeling (Eklund and Olsen, 2006) . Angpt1 null embryos die by E12.5 due to an underdeveloped endocardium, lack of remodeling of the primary vascular plexus, and poor association of ECs to surrounding support cells (Suri et al., 1996) . Tie2 receptor null embryos present a similar but slightly more severe phenotype with hemorrhage in the yolk sac and surrounding the dorsal aorta and die by E10.5 (Dumont et al., 1994) . Although Angpt2 mainly antagonizes Angpt1 signaling, activation of Tie2 by Angpt2 has been observed under some conditions (Kim et al., 2000; Mochizuki et al., 2002; Teichert-Kuliszewska et al., 2001) . Angpt2 is expressed by ECs actively undergoing vascular remodeling and smooth muscle cells (SMCs) of large arteries and veins and is required for postnatal vascular remodeling and proper organization of lymphatic vessels (including support cell recruitment) (Gale et al., 2002) . Transgenic over-expression of Angpt2 in ECs results in heart and vascular defects with embryonic lethality by E9.5-10.5, similar but more severe than the defects observed in Angpt1 and Tie2 nulls (Maisonpierre et al., 1997) .
The hedgehog (Hh) family of morphogens including Sonic hedgehog (Shh), Desert hedgehog (Dhh) and Indian hedgehog (Ihh) has diverse roles in vessel growth and stability (Byrd et al., 2002; Vokes et al., 2004) . Loss of Shh by neutralizing antibody results in malformed or missing pharyngeal arteries, impaired vascular remodeling, and pharyngeal hemorrhage (Kolesova et al., 2008) , while temporally-limited disruption of hedgehog signaling by treatment with the hedgehog-antagonist cyclopamine results in a lack of craniofacial vascular remodeling in mouse embryo cultures (Nagase et al., 2005a) . Conversely, addition of Shh to mesenchymal cells or fibroblasts results in up-regulation of Angpt1 (Pola et al., 2001) , suggesting that Shh could reside at the top of a hierarchy involved in blood vessel stability and mural cell recruitment.
Shh also has a well characterized role in the induction of an arterial identity. Shh expressed by the notochord and floor plate of the neural tube induces expression of Vascular endothelial growth factor A (Vegfa) in the surrounding somites (Lawson et al., 2002) . High levels of Vegfa are required for maintenance of arterial identity of the dorsal aorta while low levels of Vegfa result in a venous identity of the posterior cardinal vein (Lawson et al., 2002) . Whether arterial identity and vascular stability are inter-linked is not known.
Here we show that loss of hedgehog signaling in the zebrafish igu fo10a mutant results in a down-regulation of angpt1 expression in ventral perivascular mesenchyme and that wild type embryos are sensitive to loss of hedgehog signaling during the period of time that angpt1 expression is induced. Further, we show that loss of hedgehog signaling results in loss of mural cell recruitment and defects in vascular remodeling; connecting the sonic hedgehog signaling pathway to induction of angiopoietin1 expression and support cell recruitment in vivo.
Results

fo10a mutants contain a genetic lesion in dzip1
The fo10a mutant was identified in a forward genetic screen and displayed U-shaped somites resulting in a curled body axis as well as hemorrhage at 53 hpf ( Fig. 1A and B) . Hemorrhage sites were located in multiple tissues throughout the embryos including the somites and pharyngeal area, but were especially concentrated within the head (SI Fig. 1 ). In the head region, the blood from hemorrhages is observed to move dorsally towards the hindbrain ventricle over time (SI Fig. 2 ). The penetrance of the hemorrhage phenotype is highly variable (from 30% to 80% between clutches) and is dependent on genetic background. The presence of U-shaped somites and a curled body axis suggested that fo10a might have a mutation in a component of the hedgehog signaling pathway as most zebrafish hedgehog pathway mutants present with a curled body axis and U-shaped somites (van Eeden et al., 1996) . Genetic mapping initially placed the fo10a mutation on chromosome 6 in an approximately 1 cM interval between the markers Z17212 and Z11310 (SI Fig. 3A ). Subsequent fine mapping narrowed the genetic interval to a single contig (ctg622) containing three genes. This contig included the ubiquitously expressed Daz-interacting protein 1 (Dzip1) that has no previous known role in vascular development, but has been proposed to act as a shuttle in the translocation of the hedgehog effector Gli in and out of the nucleus (Sekimizu et al., 2004; Wolff et al., 2004) . Sequence analysis of dzip1 in fo10a mutants revealed a Q339X mutation ( Fig. 1H,  I ; SI Fig. 3B ). To confirm that fo10a is an igu allele we generated compound heterozygote mutants by mating heterozygotes of fo10a to a previously identified igu allele, igu tm79a , and observed hemorrhage at rates of 25-45% (Fig. 1C) . Although hemorrhage was not previously reported in homozygous igu tm79a mutants, we found hemorrhage rates of 7-25% (Fig. 1D) . Thus fo10a is a new allele of iguana and Dzip1 represents the first gene in the hedgehog signaling cascade to be implicated in vascular stability in zebrafish.
Hedgehog signaling is required during a limited temporal window to induce vascular stability
To determine the temporal window during which hedgehog signaling is required for vascular stability, we treated embryos with the hedgehog signaling antagonist cyclopamine at different points in development. We found the dose of cyclopamine required to observe the hemorrhage phenotype was highly variable depending on the genetic background of embryos treated, and thus one strain of animals was used for all experiments. Hemorrhage rates of 72.0%, 71.1% and 67.8% were seen when embryos were treated with 50 lM cyclopamine from 4 to 53 hpf (n = 82), 12 to 53 hpf (n = 83) or 24 to 53 hpf (n = 87), respectively ( Fig. 1J) . However, embryos treated with cyclopamine beginning at 30 hpf (n = 100) or 36 hpf (n = 96) did not exhibit intracranial hemorrhage at a substantial rate. Furthermore treatment from 4 hpf up to 24 hpf (n = 87) resulted in a lower, but still substantial, hemorrhage rate of 44%. This suggests that the critical time interval for sensitivity to cyclopamine occurs between 24 and 30 hpf (Fig. 1J) . to the onset of hemorrhage (n = 3 wild types and 3 mutants).
In wild type embryos, the dorsal aorta (DA) was well supported by surrounding perivascular mural cells ( Fig. 2A) . In igu fo10a mutants, cells with the same morphology as wild-type mural cells were present but few of these cells made contact with the ECs (Fig. 2B ). Vessels in both wild type and mutants formed tight junctions between ECs with both normal morphology (Fig. 2C and D and SI Fig. 4A ) and size (SI Fig. 4B ), suggesting that hemorrhage in igu fo10a mutants was not due to an EC structural defect. The vessel caliber of the DA of igu fo10a mutant embryos was also substantially smaller than in wild type embryos in TEM images ( Fig. 2A and B) . To investigate whether vessel caliber defects were widespread we performed confocal microscopy on igu fo10a mutants and wild type siblings on a Tg(kdr:GFP) la116 background at 48 hpf ( Fig. 2E and F) . Measurement of DA diameter on flattened Z-stack projections just anterior to the bifurcation of the DA in wild type siblings resulted in an average diameter of 20 lm (±0.58; n = 10 aortae) while igu fo10a mutant embryos had statistically significant smaller average diameter of 11.84 lm (±1.17; n = 10 aortae; p = 0.0001) (SI Table 2 ). The overall pattern of vessels was normal however (SI Fig. 5 ).
Artery and vein identity is established normally in igu
fo10a mutants
Shh has a well characterized role in the maintenance of arterial and venous identity of the main vessels in the zebrafish trunk (Lawson et al., 2002) . We hypothesized that loss of Shh signaling in igu fo10a mutants could result in altered arterial identity leading to improper support cell recruitment. Thus we assessed the expression of vegfa (an inducer of artery identity), the arterial markers notch3 and ephrinB2a, and the venous marker flt4 in igu fo10a mutants. ephrinB2a and flt4 are expressed in the lateral dorsal aorta and veins, respectively, of the head. We find that expression of both genes is indistinguishable between wild type and igu fo10a embryos in crosssection ( Fig. 3A-D) . In the trunk of whole mount stained embryos we also assessed the expression of vegfa and found a small up-regulation (SI Fig. 6A and B), however there was normal expression of notch3 in the artery (SI Fig. 6C and D) and of flt4 in the posterior cardinal vein (PCV) (SI Fig. 6E and F In vitro studies show that Shh promotes mesenchymal cells and fibroblasts to express angpt1 and angpt2 (Lee et al., 2007; Pola et al., 2001) . In wild type siblings at 28 hpf, angpt1 was expressed in the developing heart, hypochord, and ventral mesenchyme (Fig. 4A and B) . In igu fo10a mutants angpt1
was strongly down-regulated in ventral mesenchyme, with expression persisting in the heart and hypochord ( Fig. 4D and E). Conversely, angpt2 and tie2 were unaffected in igu fo10a mutants at 28 hpf ( Fig. 4C and E; data not shown). Further, angpt1 is also dramatically down-regulated in ventral mesenchyme in mutants of the hedgehog receptor smoothened (SI Fig. 7) . Although the loss of Angpt1-Tie2 signaling has been well characterized in mouse development, the effect of angpt1 knockdown has not been determined in zebrafish. We injected single cell embryos with 7.9 ng or 3.2 ng of morpholino targeting the translational initiation site of angpt1 (angpt1 defective heart development and lack of circulation, even though knockdown was incomplete (Fig. 4H , data not shown, and SI Fig. 8A ). The observed heart phenotype in zebrafish mutants is consistent with previous studies demonstrating a role for Angpt1 in heart development, although mouse mutants do establish circulation and die relatively late at E12.5 (Suri et al., 1996) . Further, no sub-optimal dose of morpholino was identified that resulted in hemorrhage as all doses led to heart function defects. Thus, we sought to rescue hemorrhage in igu fo10a mutants by over-expression of Angpt1. Injection of 20 pg of angpt1 mRNA into igu fo10a mutants resulted in a 28.4%
(p = 0.029) rescue of hemorrhage rate at 53 hpf (n = 305 uninjected mutants and 266 angpt1 mRNA injected mutant embryos in four experiments; SI Table 3 ), suggesting that Angpt1 is a key target of hedgehog signaling in vascular stabilization.
To provide further evidence that the Angiopoietin-Tie pathway downstream of hedgehog signaling is involved in vascular stabilization, we rescued hemorrhage in igu fo10a mutants by down-regulating Angpt2, the endogenous antagonist of Angpt1. Complete down-regulation of angpt2 by injection of 7.7 ng of angpt2 ATG MO or 3.9 ng of angpt2 e2i2 MO resulted in defective heart development and lack of circulation, similar to the phenotype of loss of angpt1 (Fig. 4I and data not shown) . How- Table 3 ). Injection of either morpholino at reduced doses results in little morpholino-induced cell death in the head region as determined by acridine orange staining at 28 hpf (SI Fig. 8C-E) . To test whether Angpt2 acts as an antagonist of Angpt1 to cause hemorrhage, we over-expressed Angpt2 in wild type embryos using the ubiquitous b-actin promoter. At 53 hpf, angpt2 overexpressing transient transgenic embryos presented with hemorrhage at an average rate of 16.3% (Fig. 4J ), compared to 3.2% seen in control embryos (n = 560 wild type and 390 injected embryos in five experiments, p = 0.015) ( Fig. 4J ; SI Table 4 ). Taken together, these data strongly suggest that Angiopoietin-Tie signaling is involved in embryonic vascular stability downstream of hedgehog signaling.
Discussion
Loss of hedgehog signaling leads to vascular instability and hemorrhage
We have demonstrated a novel in vivo role of hedgehog signaling in vascular stability and remodeling where fo10a mutants and cyclopamine-treated zebrafish embryos show early hemorrhage. We identified a nonsense mutation in dzip1 in fo10a mutants and identified it as a new allele of iguana. Although the exact function of Dzip1 in hedgehog cascade is unknown, it is thought to act downstream of Smoothened and Protein kinase A to play a role in the translocation of the transcription factor Gli between the nucleus and cytoplasm (Sekimizu et al., 2004; Wolff et al., 2004) . Wild type Dzip1 is found predominantly in the cytoplasm and translocates to the nucleus upon activation of the hedgehog pathway, while mutant Dzip1 protein from igu tm79a mutants is found predominantly in the nucleus (Wolff et al., 2004) . The mutation in igu fo10a is close in identity and location to that of igu tm79a and the mutant phenotypes also appear similar. Hemorrhage has not been previously reported in other zebrafish hedgehog mutants, likely because robust circulation is required for hemorrhage development and most zebrafish hedgehog pathway mutants never establish efficient circulation (van Eeden et al., 1996) . Although other alleles of igu have not been reported to hemorrhage, we observed up to 20% hemorrhage in the previously identified igu tm79a allele after a single outcross to the TL strain. This suggests that hemorrhage is dependent on genetic background and we have found this to be the case for other hemorrhage mutants as well (Lamont and Childs, unpublished observations).
Igu mutants have normal vessel identity
We were surprised to find that the arterial-venous identity of the DA and PCV in both the head and trunk are not changed in igu fo10a mutants despite perturbations in Shh signaling. Shh resides at the top of a hierarchy involved in artery-vein identity, signaling by inducing Vegfa expression in the somites followed by expression of the arterial markers notch3 and ephrinb2a in the DA and flt4 in the PCV (Lawson et al., 2002) . We show that vegfa, notch3 or ephrinb2a levels are not changed in trunk of igu fo10a mutants, and that expression of ephrinB2a and flt4 are also unchanged in the head of these mutants. Dzip1 is thought to be a shuttle protein for Gli, and as such, igu mutants are not thought to be complete nulls for hedgehog signaling (Wolff et al., 2004) . Low levels of hedgehog signaling may be sufficient to induce artery-vein identity, but not high enough to induce vascular stabilization. This is in contrast to talpid 3 mutants which also display hemorrhage and where artery-vein identity is altered in the developing limb bud (Davey et al., 2007) . The difference between igu mutants and talpid 3 mutants is that Dzip1 likely acts as a shuttle for both activated and repressive forms of Gli (Wolff et al., 2004) , while the gene mutated in the talpid 3 mutant is involved in primary cilia formation, and it is the indirect loss of cilia that shifts the balance of Gli isoforms to activated isoforms at the expense of the repressor isoforms (Davey et al., 2006; Yin et al., 2009 ).
Hedgehog signaling is required in a narrow developmental window for vascular stabilization
Through the use of cyclopamine, we were able to demonstrate a critical time window between 24 and 30 hpf when embryos were most sensitive to the loss of hedgehog signaling, resulting in hemorrhage by 53 hpf. This period of time corresponds to the time when angpt1 is expressed in ventral mesenchyme (Pham et al., 2001 and our data). Interestingly, incubation of embryos with cyclopamine from 4 to 24 hpf results in 44% hemorrhage at 53 hpf, which is not the maximal or basal rate observed in other windows. This likely occurs because hedgehog induction of angpt1 begins prior to 24 hpf (Pham et al., 2001 ) and removal of the drug at 24 hpf does not allow sufficient time for complete recovery of expression.
3.4.
Lack of angpt1 leads to hemorrhage in zebrafish
Addition of Shh to mesenchymal cells (Pola et al., 2001) or fibroblasts (Lee et al., 2007) in culture results in an induction of Angpt1 expression while down-regulation of hedgehog signaling by use of cyclopamine results in down-regulation of Angpt1 in the mouse neural tube (Nagase et al., 2005b) . Here, we have shown that angpt1 expression is substantially reduced in the ventral mesenchyme of igu fo10a mutants and that modulation of the Angiopoietin-Tie pathway partially rescues hemorrhage in these mutants. The partial rescue may reflect either that the levels of angpt1 in the rescued animals were insufficient to fully rescue the phenotype, or that Angpt1 acts in concert with further, unidentified molecules to stabilize vessels. In support of the importance of a reduction of Angpt1 levels strongly contributing to the phenotype of igu mutants, the lack of support cell recruitment in igu fo10a mutants is similar to that seen in angpt1 null mouse embryos (Suri et al., 1996) . Further, over-expression of Angpt1 in mouse results in increased blood vessel size without angiogenesis (Thurston et al., 2005) which correlates with our observation in igu fo10a mutants that the DA was substantially reduced in size possibly as a result of reduced angpt1 expression. The identity and origins of perivascular mural cells are poorly understood due to great variability in the types of cells that contribute to vascular stability in different tissues and at different developmental stages. In zebrafish, expression of characteristic vascular smooth muscle genes appear in the region of the lateral dorsal aorta at 72 hpf suggesting that vascular smooth muscle cells are not present before this time (Santoro et al., 2009 ). While we did not investigate the identity of the perivascular support cells surrounding the lateral dorsal aortae at earlier stages, there is a strong potential that these perivascular mural cells will acquire vascular smooth muscle characteristics over time, although this will require lineage analysis.
A reciprocal signaling loop between ECs and perivascular mural cells is important for the interaction between the two cell types to produce a mature vessel. It has been proposed that Angpt1 produced in perivascular mesenchyme and binding to Tie2 on ECs results in the first step of this reciprocal signaling loop between the two cell types (Folkman and D'Amore, 1996; Lindahl et al., 1997; Vikkula et al., 1996) . Here we show that hedgehog signaling is required for induction of Angpt1 expression in perivascular mesenchyme and propose that hedgehog is high level member of the signaling hierarchy that is responsible for developmental vascular stability through mural cell recruitment.
4.
Materials and methods
Zebrafish generation and igu fo10a genetic mapping
Zebrafish embryos were raised at 28.5°C according to (Westerfield, 1995) in E3 embryo buffer and staged in hours post-fertilization as previously described (Kimmel et al., 1995) . To block pigment formation, 0.003% phenylthiocarbamide (PTU; Sigma, St. Louis, MO) was added to the embryo buffer at 4 hpf. Transgenic and mutant zebrafish lines have been previously described: Tg(kdr:GFP) la116 (Choi et al., 2007) , igu tm79a (Sekimizu et al., 2004; Wolff et al., 2004) , and smo nv122 (Schebesta and Serluca, 2009) . igu fo10a genetic mapping and mutation identification methods are described in SI methods.
Electron microscopy and confocal imaging
Embryos (n = 3 for each group) were prepared for transmission electron microscopy at 48 hpf as described in SI methods and analyzed using a Hitachi H7000 transmission electron microscope. For the dorsal view confocal microscopy, 48 hpf wild type (n = 5) and igu fo10a mutant (n = 5) embryos on a Tg(kdr:GFP) la116 background were mounted in 0.5% low melt agarose (Invitrogen, Carlsbad, CA), and imaged using a Olympus FV5-PSU confocal microscope. The width of the bilateral dorsal aortae was measured on flattened Z-stack projections using a scale bar in Adobe Photoshop. Care was taken to choose igu fo10a mutant embryos for electron and confocal microscopy that did not have hemorrhage to ensure the defects seen were not secondary effects of hemorrhage.
In situ hybridization
In situ hybridization was performed as in Jowett and Lettice (1994) using a Biolane HTI robot (Holle and Huttner AG, Tubingen, Germany). angpt1, angpt2 (Pham et al., 2001) , vegfa (Liang et al., 1998) , ephrinb2a, flt4, and notch3 (Lawson et al., 2002) have been previously described. For photography, embryos were embedded in 3% methylcellulose (Sigma) and photographed using a Zeiss Axiocam HRc. For sectioning, embryos were embedded in JB4 plastic (Polysciences, Warrington, PA) and sectioned at 7 lM using a Leica microtome.
Morpholino and mRNA injections, cyclopamine treatments
Morpholinos targeting the exon 2-intron 2 splice boundary of both angpt1 (angpt1 e2i2 ) and angpt2 (angpt2 e2i2 ) were obtained from GeneTools, LLC (Philomath, OR), diluted in 0.3· Danieau solution for injection. Morpholino splice efficiency was determined for angpt1 e2i2 and angpt2 e2i2 using primers listed in SI Table 1 (SI Fig. 6 ). Morpholinos targeting the translational initiation sites of angpt1 (angpt1
ATG
) and angpt2 (angpt2 ATG ) were obtained from OpenBiosystems (Huntsville, AL).
Non-specific cell death was assayed by incubating 28 hpf morphants in 5 lg/mL acridine orange (Sigma) in E3 buffer for 30 min at 28.5°C followed immediately by epifluorescent photography.
Full length angpt1 and angpt2 coding sequence was generated using primers incorporating Gateway cloning sites (SI Table 1 ) and placed under the control of the b-actin promoter (Higashijima et al., 1997) in a plasmid containing sites for Tol2-mediated transgenesis (Kwan et al., 2007) . For injection, 10 pg of plasmid was injected with 20 pg of Tol2 transposase mRNA into the cytoplasm of 1-4 cell wild type embryos. Capped angpt1 mRNA was generated from linearized plasmid using the SP6 mMessage kit (Ambion, Austin, TX) and 20 pg was injected. Rescue percentages were calculated as the difference in percentage hemorrhage rate between uninjected igu mutants and injected igu mutants, divided by the hemorrhage rate in igu mutants, and multiplied by 100.
Cyclopamine (Toronto Research Chemicals, North York, ON, Catalog # C988400) stocks at 5 mM were heated at 65°C for 20 min to ensure complete resuspension of the chemical prior to dilution to 50 lM in E3 buffer containing 0.003% PTU. Cyclopamine was added to embryos in 24-well plates at various times beginning at 4 hpf. To remove cyclopamine, embryos were transferred to 60 mm dishes and washed twice with E3 embryo buffer containing 0.003% PTU. Treatments were performed twice and results combined to give final percent hemorrhage out of the total. Hemorrhage was scored at 52-53 hpf in all experiments and was only counted in embryos that had circulation as determined by examination under white light. Hemorrhage rates from uninjected and experimental embryos were averaged for each day and treated as independent experiments. Changes in average hemorrhage rate were analyzed for statistical significance using a paired Student's t-test.
